INTRODUCTION
The family of reticulon proteins encompass more than 300 members that share homology within a C-terminal RHD (reticulonhomology domain) that is involved in their association with the ER (endoplasmic reticulum). The Nogo (neurite outgrowth inhibitor protein) reticulon gene encodes three spliceforms, Nogo-A, Nogo-B and Nogo-C [1, 2] , which were originally identified as genes encoding the bovine neurite growth inhibitor bNI-220. Nogo-A (and to a lesser extent Nogo-B and Nogo-C), in conjunction with two other inhibitory factors, termed MAG (myelin-associated glycoprotein) and OMgp (oligodendrocyte myelin glycoprotein) was originally suggested to be involved in the inhibition of axonal regeneration when found associated with myelin in the CNS (central nervous system) [1, 3, 4] . Consistent with such a role, young mice lacking both Nogo-A and Nogo-B were reported to show enhanced axonal regeneration in the CNS [5] . The inhibitory effects on axonal regeneration were attributed to two regions in Nogo-A, one within the N-terminal extension specific to Nogo-A and the other located between the two ER transmembrane domains, which are common to all three Nogo isoforms [1, 6] . The latter region, comprising 66 amino acid residues (Nogo-66), is thought to be intraluminal and/or extracellular and, together with MAG and OMgp, to bind to a NgR (Nogo receptor) located on another neuronal cell [7] . It was suggested that the interaction of Nogo-66 with the NgR was responsible for inducing the inhibition of axonal regeneration.
Although young mice lacking both Nogo-A and Nogo-B show enhanced axonal regeneration, this phenotype was lost as the animals aged [5] . Moreover, mice lacking Nogo-A alone, or all three spliceforms, failed to show a significant enhancement of axonal regeneration in two other studies [8, 9] . Furthermore, mice lacking the NgR did not show enhanced axonal regeneration [10] . Thus exact roles of the Nogo family in axonal regeneration are unclear.
On the other hand, Nogo-B (also called ASY, RTN4-B1, RTNXs and Foocen-M) [1, 11, 12] has been proposed to play different roles, for example in remodelling of the vasculature [13] . It was also implicated in the regulation of apoptosis [11] , but more recent work appears to exclude this possibility [14] .
In the present study we have unexpectedly discovered that Nogo-B is phosphorylated via the SAPK2 (stress-activated protein kinase 2)/p38 pathway, which plays a key role in triggering the production of pro-inflammatory cytokines and other inflammatory mediators, as well as in the cellular response to environmental stress.
MATERIALS AND METHODS

Materials
Ion-exchange and gel-filtration columns were obtained from Amersham Pharmacia Biotech (Little Chalfont, Bucks., U.K.), human fibronectin was from Sigma (Poole, Dorset, U.K.), Cytochalasin D and nocodazole {methyl [5-(2- thienylcarbonyl)-1H-benzimidazol-2-yl]carbamate} were from Calbiochem (Nottingham, U.K.) and Silencer siRNA (small interfering RNA) Construction Kit was from Ambion (Abingdon, Oxon, U.K.). Peptides were synthesized by Dr Graham Bloomberg (Molecular Recognition Centre, School of Medical Sciences, University of Bristol, U.K.). The sources of all other materials are detailed elsewhere [15] .
Cell lysis
The cells were washed twice in ice-cold PBS and lysed in buffer A [50 mM Tris/HCl (pH 7.4)/150 mM KCl/0.1 mM EDTA/1 % (w/v) Nonidet P40/4 mM dithiothreitol/20 mM NaF/40 mM sodium β-glycerophosphate/2 mM sodium orthovanadate/1 mM Abbreviations used: CNS, central nervous system; ER, endoplasmic reticulum; GFP, green fluorescent protein; GST, glutathione S-transferase; hnRNP A0, heterogeneous nuclear ribonucleoprotein A0; HSP27, heat-shock protein of 27 kDa; 5-LO, 5- 
The desalted extracts were applied to a 10 ml column of Source Q (HR 10/10) and developed with a 200 ml linear salt gradient to 0.6 M NaCl in buffer B; fractions (2 ml each) were collected at a flow rate of 1 ml/min. The 43 kDa band recognized by the phospho-specific '5-LO' (human 5-lipoxygenase) antibody was eluted at 0.45 M NaCl. These fractions were pooled, concentrated, and applied to a 24 ml column of Superose 6 (HR10/30) equilibrated in buffer C [20 mM piperazine (pH 5.6)/5 % (v/v) glycerol/0.1 % (v/v) 2-mercaptoethanol/0.03 % (w/v) Brij 35/0.1 mM EGTA]; fractions (0.8 ml each) were collected. The 43 kDa protein was eluted at a position equivalent to a globular protein of molecular mass 600 kDa. The fractions containing this protein were pooled and applied to a 0.24 ml column of Mini Q (PC 3.2/3) equilibrated in buffer C. The column was developed with a 10 ml linear salt gradient from 0.2 to 0.3 M NaCl; fractions (0.05 ml each) were collected at a flow rate of 0.05 ml/min. The fractions containing the 43 kDa protein were pooled and analysed as described in the Results section.
MS
Tryptic peptides were analysed on a Perseptive Biosystems (Framingham, MA, U.S.A.) Elite STR MALDI-TOF (matrixassisted laser-desorption-time-of-flight) mass spectrometer with saturated α-cyanocinnamic acid as the matrix. The mass spectrum was acquired in the reflector mode and was internally masscalibrated. The tryptic peptide ions obtained were scanned against the Swiss-Prot and GenPep (Genbank ® ) databases using the MS-FIT program of the proteomics tool ProteinProspector. Where there was an ambiguity in the identity of a protein sample, liquid chromatography-tandem MS was performed. The tryptic digest was injected on to a 0.075 mm × 100 mm PepMap C 18 capillary column, equilibrated with 0.1 % formic acid in water, attached to a LC-Packings Ultimate HPLC system [Dionex (U.K.) Ltd., Camberley, Surrey, U.K.]. The column was developed with a discontinuous acetonitrile gradient at 0.2 µl/min, and the column was interfaced to a Q-TOF2 mass spectrometer (Micromass, Wythenshaw, Manchester, U.K.). The peptide ions generated by the electrospray interface were fragmented automatically using machine-defined collision voltages. The resultant peak lists were searched using the Sonar search engine (Genomic Solutions, Ann Arbor, MI, U.S.A.) against the NCBInr database.
Plasmids
The first 586 bp of the DNA encoding human Nogo-B were amplified from EST (expressed sequence tag) KIAA0886 (kindly donated by the Kazusa DNA Research Institute, Chiba, Japan) using oligonucleotides 5 Bam-HA-Nogo-B (GGATCCGCCA-CCATGTACCCATACGATGTGCCAGATTACGCCGAAGAC-CTGGACCAGTCTCCTCTGGTC) and MP015 (TAATGTCTC-TCCAGTACAGGAGGTCAACAACCACTGAGCCCGAGGA-GCCCC). The 3 end of the ORF (open reading frame) (560-1122 bp) was amplified using MP014 (TTGTTGACCTCCT-GTACTGGA) and 3 BamH1-Nogo-B (GGATCCTCATTCAG-CTTTGCGCTTCAATCCAGGGAT) oligonucleotides. All reactions were carried out using the GC Rich PCR System (Roche Molecular Biochemicals, Lewes, East Sussex, U.K.). A portion (10 ng) of each PCR product was mixed and used as a template for PCR with oligonucleotides 5 BamH1-HA-Nogo-B and 3 BamH1-Nogo-B. The resulting PCR fragment was cloned into pCR2.1 (Invitrogen) and sequenced to produce pCR2.1 HA-Nogo-B. pCR2.1 was digested with BamH1 and ligated into the same site in pGEX6P-1 to produce pGEX-Nogo-B. A mutant in which Ser 107 was changed to alanine (pGEX-Nogo-B[S107A]) was produced in a similar manner. The 5 end of the ORF was amplified using oligonucleotides 5 Bam-HA-Nogo-B and MP136 (GTCGACGACACCGGGCTCGGGTCCCAAGCCG-GCTGCCGCTCCGGGGC), whereas the 3 end was amplified using MP135 (GCCCCGGAGCGGCAGCCGGCTTGGGAC-CCGAGCCCGGTGTCGTCGAC) and 3 BamH1-Nogo-B. A portion (10 ng) of each overlapping fragment was then used in a second round of PCR using the 5 and 3 oligonucleotides. The resulting fragment was cloned into pCR2.1, sequenced, then subcloned into pGEX6P-1 for expression in Escherichia coli as described above, giving rise to pGEX Nogo-B[S107A].
Proteins
All proteins were expressed in E. coli strain BL21. Nogo-B was expressed as a GST (glutathione S-transferase)-fusion protein and the GST moiety cleaved with the PreScission TM Protease (Amersham). SAPK2a/p38α was expressed as an inactive GSTfusion protein and maximally activated with a MBP (maltosebinding protein) fusion of a constitutively active mutant of MKK6 [mitogen-activated protein kinase (MAPK) kinase 6] in which Ser 210 and Thr 214 were mutated to aspartic acid ('D'). The [D 210 ,D 214 ]MBP-MKK6 was then removed by passage through amylose resin. GST-MAPKAP-K2 (GST-MAPK-activated protein kinase-2), GST-MAPKAP-K3, His 6 -MSK1 (hexahistidinemitogen-and stress-activated protein kinase 1) and GST-MNK1 (GST-MAPK integrating kinase-1) were activated with GSTSAPK2a/p38α and the activating enzyme inhibited by inclusion of 10 µM SB 203580 in subsequent experiments. One unit of protein kinase activity was that amount which catalysed the incorporation of 1 nmol of phosphate into the standard substrate in 1 min. Full details of the expression, activation and assay protocols are given elsewhere [16, 17] .
Antibodies
An antibody was raised against the phosphopeptide CSLER-QLS * LEQEVQ (where the phosphorylated serine residue is represented by 'S * '), corresponding to residues 266-278 of 5-LO plus an N-terminal cysteine residue. The sequence is identical in the murine enzyme. The peptide was conjugated separately to both BSA and keyhole-limpet haemocyanin via the N-terminal cysteine residue before injection into sheep at Diagnostics Scotland (Edinburgh, Scotland, U.K.). The antisera were affinity purified on antigen-Sepharose [15] and used at 0.1-1.0 µg/ml in the presence of 10 µg/ml of the unphosphorylated peptide antigen. A further antibody that recognizes all forms of Nogo-B was raised by injecting a GST-fusion protein of Nogo-B into sheep and affinity-purifying the antisera followed by passage through a GST column to remove anti-GST antibodies. The characterization of antibodies that immunoprecipitate MAPKAP-K2 or MAPKAP-K3 specifically have been described previously [18] . Two antibodies raised against an N-terminal and a C-terminal sequence of human 5-LO respectively were purchased from Research Diagnostics Inc. (Flanders, NJ, U.S.A.). Rabbit antisheep IgG and goat anti-rabbit IgG, both conjugated to horseradish peroxidase, were obtained from Perbio Science Ltd. (Tattenhall, Cheshire, U.K.). Alexa Fluor 594 goat anti-mouse antibody, Alexa Fluor 488 donkey anti-sheep antibody, Alexa Fluor 488 chicken anti-mouse antibody were from Molecular Probes (Leiden, The Netherlands). YL 1/2 antibody (for microtubule staining) was from Sera Lab (Crawley Down, Sussex, U.K.). Anti-PDI [anti-(protein disulphide-isomerase)] antibody (for ER staining) was from Stressgen Biotechnologies (York, U.K.). Fluoresceinconjugated anti-rat IgG was from Lorne Diagnostics (Reading, Berks., U.K.).
siRNA construction and transfection siRNAs for human MAPKAP-K2 (ACCACCAGCCACAAC-UCUU) and human MAPKAP-K3 (GGUGGUGAGUUGUU-CAGCA) were prepared using the Silencer siRNA Construction Kit [Ambion (Europe) Ltd., Huntingdon, Cambs., U.K.] according to the manufacturer's instructions. Experiments were performed using a strain of easily transfectable HeLa cells, generously provided by Professor Jacques Pouyssegur (Institute of Signaling, Developmental Biology and Cancer Research, CNRS UMR 6543, Nice, France). These cells were transfected twice at 24 h intervals with a 60 nM concentration of the specified siRNA using Oligofectamine TM reagent (Invitrogen) and used 24 h following the second transfection [19] . For transfection of GFP (green fluorescent protein) and GFP-Nogo-B, DNA was transfected 16 h before the assay using FuGENE 6 at a ratio of 3 µl of FuGENE 6/1µg of DNA (Roche).
Immunofluorescence
HeLa cells stained for microtubules were fixed for 10 min at ambient temperature by the addition of 90 % (v/v) methanol that had been precooled to − 20
• C [20] . Cells were permeabilized with 0.1 % (w/v) saponin in PBS, pH 7.4, and stained with the antibodies mentioned in the relevant Figure legends. The cells were mounted using ProLong antifade kit (Molecular Probes Europe BV, Leiden, The Netherlands), imaged on a Leica microscope and the data analysed using the Openlab software (Improvision Ltd, University of Warwick Science Park, Coventry, U.K.).
Cell culture, immunoprecipitation and immunoblotting
The murine RAW264 macrophage cell line, transformed mouse embryonic fibroblasts (MEFs) from wild-type and SAPK2a/ p38α-deficient mice [21] and HeLa cells were prepared, maintained and lysed as described in [15] . Immunoblotting was also carried out as described previously using the ECL ® (enhanced chemiluminescence; Amersham Pharmacia Biotech) detection system. Details of the immunoprecipitation procedure are given in the appropriate Figure legends.
RESULTS
A 5-LO phospho-specific antibody also recognizes a 43 kDa protein in LPS-stimulated RAW264 cells 5-LO, a key enzyme involved in the production of leukotrienes from arachidonic acid [22] , was reported to be phosphorylated in vitro by MAPKAP-K2, a protein kinase that is activated by SAPK2a/p38α [23] . Those authors pointed out that Ser 272 of 5-LO lies within an optimal consensus sequence for phosphorylation by MAPKAP-K2, which is Hyd-Xaa-Arg-Xaa-Xaa-Ser-Hyd, where Hyd is a bulky hydrophobic residue [24] . However, they did not establish that this residue becomes phosphorylated in cells in response to agonists that activate the SAPK2a/p38α pathway. To investigate whether 5-LO is a physiological substrate for MAPKAP-K2, we raised a phospho-specific antibody against a synthetic phosphopeptide corresponding to the sequence surrounding Ser 272 of human and murine 5-LO. When RAW264 cell extracts were probed with this antibody, it weakly recognized a 78 kDa ( Figure 1A ) band that co-migrated with 5-LO, as judged by immunoblotting with two 5-LO-specific antibodies (results not shown). The phosphorylation of this protein increased slightly in response to LPS, which appeared to be decreased by prior treatment of the cells with SB 203580, a specific inhibitor of SAPK2/p38 [25] [26] [27] , but not PD 184352 ( Figure 1A ) [17, 28] . PD 184352 completely prevents the LPS-induced activation of the classical MAPK pathway in RAW cells at the concentration used [15] . The mass of tryptic peptides were scanned against the Swiss-Prot, Genpep and NCBInr databases as previously described [15] .
Masses
Residue no. Interestingly, the 5-LO-phospho-specific antibody recognized an additional 43 kDa band much more strongly than 5-LO. The phosphorylation of this protein increased strikingly in response to LPS ( Figure 1B) , and was suppressed by SB 203580, but not by PD 184352 ( Figure 1A ). The same protein became phosphorylated in HeLa cells exposed to the protein-synthesis inhibitor anisomycin, another activator of the SAPK2a/p38α pathway ( Figure 1C ). The 43 kDa protein was not recognized by either of the two 5-LO antibodies, one of which was raised against an N-terminal peptide and the other against a C-terminal peptide (results not shown). These results suggested that the 43 kDa band was not a proteolytic fragment of 5-LO, but a novel physiological substrate of the SAPK2a/p38α pathway.
Identification of the 43 kDa band as Nogo-B
We purified the 43 kDa band from LPS-stimulated RAW cells and anisomycin-treated HeLa cells using the phospho-specific antibody to monitor its elution position after ion-exchange chromatography and gel-filtration (see the Materials and methods section). Both preparations contained two protein-staining bands with molecular masses close to 43 kDa, the lower co-migrating with the immunoreactive species (results not shown). The upper band was identified as actin (results not shown), whereas the lower band was a Nogo spliceform (Table 1) . On the basis of the molecular mass of the protein (43 kDa), it would appear that this species is Nogo-B and not the far larger (140 kDa) Nogo-A. The Nogo-C spliceform does not contain the peptides corresponding to residues 105-110 or 92-104 that were detected by MS (Table 1) .
Nogo-B is phosphorylated by MAPKAP kinases in vitro
We found that SAPK2a/p38α did not phosphorylate Nogo-B in vitro, indicating that a distinct SAPK2a/p38α-activated protein kinase was responsible for the phosphorylation of Nogo-B in cells. We therefore phosphorylated Nogo-B with protein kinases known to be activated by SAPK2a/p38α, namely MAPKAP-K2, MAPKAP-K3, MSK1 and MNK1 (reviewed in [29, 30] ). Under these conditions, MAPKAP-K2 phosphorylated Nogo-B to 0.85 mol of phosphate/mol of protein, and MAPKAP-K3 to 0.5 mol of phosphate/mol of protein. By contrast, there was only slight phosphorylation by MSK1 and no phosphorylation by MNK1 (results not shown).
Nogo-B phosphorylated by MAPKAP-K2 in vitro was digested with trypsin and chromatographed on a C 18 column, which resolved two major 32 P-labelled peaks, termed T1 and T2 (Figure 2A) . Edman sequencing showed that T1 comprised a major phosphopeptide T1a, starting at residue 92, and a minor phosphopeptide, T1b, starting at residue 105. A small amount of 32 P radioactivity was released after the third cycle of Edman degradation and a much larger amount after the sixteenth cycle (Figure 2B ). The results demonstrate that there is a single site of phosphorylation at Ser 107 , T1a arising from incomplete tryptic cleavage of the Arg-Gln bond between residues 104 and 105. Peak T2 was almost exclusively peptide T1a, the site of phosphorylation again being Ser 107 (results not shown). In order to check that no other phosphorylation site had been missed, for example as a result of another 32 P peptide precipitating on the C 18 with MAPKAP-K2 or MAPKAP-K3 in vitro and then subjecting each protein to immunoblotting using the 5 -LO phospho-specific antibody ( Figure 2C ).
To establish that the 43 kDa band detected in extracts from LPS-stimulated RAW264 cells really was Nogo-B, we repeated the experiment reported in Figure 1 , except that Nogo-B was first immunoprecipitated from the lysates before immunoblotting with the 5-LO phospho-specific antibody. The same result was obtained, establishing that the 43 kDa protein is indeed Nogo-B ( Figure 2D ).
Phosphorylation of Nogo-B in transformed MEFs from wild-type and SAPK2a/p38α-deficient mice
To check that the suppression of Nogo-B phosphorylation by SB 203580 resulted from the inhibition of SAPK2a/p38α and not from the inhibition of the closely related SAPK2b/p38β or the non-specific inhibition of another protein kinase, we also examined whether Nogo-B was phosphorylated in SAPK2a/ p38α-deficient MEFs. In MEFs from wild-type mice, Nogo-B 32 -P]ATP. The proteins were denatured in SDS, subjected to SDS/PAGE and immunoblotted with the 5-LO phospho-specific antibody ('p-Nogo-B') as described in Figure 1 or with an antibody that recognizes all forms of Nogo-B ('Nogo-B'). In contrast with the endogenous Nogo-B in cells, bacterially expressed Nogo-B migrates as two major bands, the lower generated by proteolysis near the C-terminus. (D) RAW cells were left untreated or incubated for 15 min with 5 µM SB 203580 or 10 µM PD 184352 and then stimulated for 45 min with 50 ng/ml LPS. Nogo-B was immunoprecipitated from the lysates, using 1 µg of anti-Nogo-B per mg of cell lysate, then denatured in SDS, followed by immunoblotting with the 5-LO phospho-specific antibody ('p-Nogo-B') as described in Figure 1 or with an antibody that recognizes all forms of Nogo-B ('Nogo-B'). Similar results were obtained in two independent experiments. Wild-type (WT) and SAPK2a/p38α −/− MEFs were left untreated (−) or preincubated for 15 min with 5 µM SB 203580 ('SB'; +) and then incubated for 30 min without (−) or with (+) 10 µg/ml anisomycin. Nogo-B was immunoprecipitated from the lysates and denatured in SDS. After separation by SDS/PAGE and transfer to nitrocellulose, the membrane was probed with the 5-LO phospho-specific antibody ('p-Nogo-B') as described in Figure 1 or with an antibody that recognizes all forms of Nogo-B ('Nogo-B'). Another aliquot of the cell lysate was immunoblotted (without immunoprecipitation) with a phospho-specific antibody that recognizes hnRNP A0 phosphorylated at Ser 84 ('p-hnRNP A0') or with an antibody that recognizes all forms of hnRNP A0 ('hnRNP A0'). Similar results were obtained in two independent experiments. became phosphorylated at Ser 107 in response to anisomycin, and this was prevented by SB 203580, but not by PD 184352. No phosphorylation of Nogo-B at Ser 107 occurred in the SAPK2a/p38α-deficient MEFs (Figure 3 ) [31] . Similar results were obtained in control experiments using a phosphospecific antibody that recognizes hnRNP A0 (heterogeneous nuclear ribonucleoprotein A0) phosphorylated at Ser 84 (Figure 3) , an authentic physiological substrate for MAPKAP-K2 [15] . This is consistent with the finding that, in these MEFs, no MAPKAP-K2 activity is discernible, suggesting that SAPK2b/p38β cannot compensate for the absence of SAPK2a/p38α in activating this enzyme in fibroblasts [31] .
The phosphorylation of Nogo-B is abolished by siRNA against MAPKAP-K2 and MAPKAP-K3
We made use of siRNA technology to investigate which protein kinases activated by SAPK2a/p38α were responsible for phosphorylating Nogo-B in cells. After treating HeLa cells with siRNAs against MAPKAP-K2 and MAPKAP-K3 alone or in combination, we immunoprecipitated each protein kinase from the extracts of anisomycin-stimulated cells and assayed their activity ( Figure 4A ). These results demonstrated that siRNA against MAPKAP-K2, but not siRNA against MAPKAP-K3, effectively blocked MAPKAP-K2 activity, whereas siRNA against MAPKAP-K3, but not siRNA against MAPKAP-K2, effectively blocked MAPKAP-K3 activity. It should be noted that the MAPKAP-K2 activity in these cell extracts greatly exceeded that of MAPKAP-K3 (note the 20-fold difference in scale of the ordinates in the left-and right-hand panels of Figure 4A ). The next step was to verify that these siRNAs could block the phosphorylation of known substrates without affecting other pathways. Anisomycin treatment of HeLa cells triggered the phosphorylation of HSP27 (heat-shock protein of 27 kDa) at Ser 15 , a downstream target of MAPKAP-K2, which was greatly decreased in cells transfected with MAPKAP-K2 siRNA alone or in combination with the MAPKAP-K3 siRNA ( Figure 4B ). Similar results were obtained when the membranes were immunoblotted with a phospho-specific antibody that recognizes hnRNP A0 phosphorylated at Ser 84 (results not shown). In contrast, the anisomycin-stimulated SB 203580-sensitive phosphorylation of CREB (cyclic AMP-response element binding protein), which is mediated by MSK1/MSK2 [32] , was unaffected by siRNA knockdown of MAPKAP-K2 and/or MAPKAP-K3. Moreover, (A) The cells were then left untreated or exposed for 30 min to 10 µg/ml anisomycin. MAPKAP-K2 ('K2') or MAPKAP-K3 ('K3') were immunoprecipitated from HeLa cell extracts as described [18] and assayed. Activity is shown in units/mg of cell extract. (B) The HeLa cell extracts from (A) (30 µg of protein) were immunoblotted with antibodies that recognize phosphorylated SAPK2a/p38α ('pSAPK2a'), all forms of SAPK2a/p38α ('SAPK2a'), HSP27 phosphorylated at Ser 15 ('pHSP27'), all forms of HSP27 (HSP27) or with the 5-LO phospho-specific antibody ('p-Nogo-B') and antibodies that recognize all forms of Nogo-B ('Nogo-B'). Similar results were obtained in three independent experiments. the anisomycin-induced phosphorylation of SAPK2a/p38α (Figure 4B) and JNK (c-Jun N-terminal kinase) (results not shown) were also unaffected, indicating that the siRNAs had not affected the activation of SAPK2a/p38α or another downstream element of the pathway.
Interestingly, the siRNA against MAPKAP-K2 greatly decreased the anisomycin-stimulated phosphorylation of Nogo-B at Ser 107 ( Figure 4B ), consistent with the much higher level of MAPKAP-K2 relative to MAPKAP-K3.
Nogo-B is associated with microtubules in cells
Nogo-B, like other members of the Nogo family, associates with the ER (see the Introduction). To visualize this, we stained HeLa cells with an antibody raised against the full-length Nogo-B protein. This revealed that endogenous Nogo-B forms a fibrillar pattern ( Figure 5A ), strikingly similar to the arrangement of α-tubulin in the same cells ( Figure 5B ). Disrupting the actin cytoskeleton with cytochalasin D did not destroy the fibrillar pattern of either Nogo-B or tubulin ( Figures 5C and 5D ), but incubation with nocodazole to collapse the microtubules did disrupt the staining pattern of either protein ( Figures 5E and  5F ). This could be rescued by washing away the nocodazole and letting the microtubules repolymerize (results not shown). A similar distribution of Nogo-B was observed when a GFP-Nogo-B fusion protein was transfected into the cells (results not shown), indicating that the observed localization of Nogo-B was not due to lack of specificity of the anti-Nogo-B antibody. The localization of both Nogo-B ( Figure 5G ) and microtubules ( Figure 5H ) is also consistent with that of the ER, as illustrated by staining with an antibody that recognizes PDI and calreticulin markers for the ER (Figures 5I and 5J) .
DISCUSSION
In the present study we identified Nogo-B as a new physiological substrate for MAPKAP-K2. Interestingly, the phosphorylation occurred at Ser 107 , which does not lie in the conventional MAPKAP-K2 consensus sequence. Studies with synthetic peptide substrates have revealed that the optimal consensus sequence for MAPKAP-K2 is Hyd-Xaa-Arg-Xaa-Xaa-Ser-Hyd, where Hyd is a bulky hydrophobic residue (typically leucine or phenylalanine). In Nogo-B the large hydrophobic residue five residues N-terminal to Ser 107 (termed the 'n − 5' position) is replaced by proline. A short peptide containing proline at n − 5 was phosphorylated far less efficiently by MAPKAP-K2 in previously described work [24] . Nevertheless, the Nogo-B protein is phosphorylated by MAPKAP-K2 at a similar rate to HSP27 in vitro (results not shown), indicating that another residue(s) in the protein is able to compensate for the lack of leucine or phenylalanine at n − 5. Thus physiological substrates of protein kinases cannot always be identified simply by searching databases with optimal consensus sequences for phosphorylation. Similar observations have been made for other protein kinases. For example TAB1, a regulatory subunit of TAK1 (transforming-growth-factor-β-activated kinase 1), is phosphorylated by the proline-directed protein kinase SAPK2a/p38α at Ser 423 in vivo, even though this residue is followed not by proline but by alanine [21] . Similarly, PKA (cyclic AMP-dependent protein kinase) phosphorylates inhibitor-1 (an inhibitor of protein phosphatase-1) at Thr 46 in vivo, and at similar rates to other physiological substrates, even though the substitution by threonine of serine prevents the phosphorylation of small synthetic peptides by PKA [33] .
In the present study we found that Nogo-B was associated with microtubules ( Figure 5 ), an observation consistent with the reported association of the ER with microtubules [34] and the localization of Nogo spliceforms to the ER (see the Introduction). A small proportion of each Nogo spliceform is also reported to be localized at the plasma membrane, where Nogo-66 is thought to be extracellular and to interact with the NgR (see the Introduction). Another model in which the region N-terminal to the Nogo-66 sequence (equivalent to residues 1-184 of Nogo-B) is extracellular has been proposed [35] . However, our finding that Ser 107 is located in this region makes this less likely, because Ser 107 must presumably be intracellular at the time it is phosphorylated by MAPKAP-K2. Thus our data support a model in which Nogo-B is mainly associated with the ER. Its phosphorylation is likely to occur at this location, since the extent of phosphorylation of Nogo-B by MAPKAP-K2 in cells is substantial (greater than 50 %), as judged by an upward bandshift that is prevented by SB 203580 (results not shown); moreover, no discernible change in the staining pattern of Nogo-B is detected following stimulation with agonists that activate MAPKAP-K2 (results not shown). The Nogo family of proteins has generated considerable interest in recent years, but whether the major role of Nogo is to regulate axonal regeneration, remodel the vasculature or some other process is still unclear. In the present paper we have introduced an additional level of complexity into this story by identifying Nogo-B as a new physiological substrate for MAPKAP-K2 that is likely to be involved in regulating one or more of its biological functions. Interestingly Ser 107 is conserved in Nogo-A but not in Nogo-C.
The identification of Nogo-B as a substrate of MAPKAP-K2 extends the list of well-authenticated substrates for this protein kinase, which include HSP27 [36] , hnRNP A0 [15] , CAPZIP (CapZ-interacting protein) [37] and LSP1 (leucocyte-specific protein 1) [38] . The phosphorylation of three of these substrates appears to regulate actin dynamics and, hence, processes such as cell motility (discussed in [37] ). By contrast, the phosphorylation of hnRNP A0 appears to enhance its interaction with the AU-rich elements that confer instability to the mRNAs encoding several pro-inflammatory cytokines [15] and may participate in the MAPKAP-K2-mediated increase in the production of these substances [39] . However, how phosphorylation modifies the function of Nogo-B (and perhaps Nogo-A) and mediates one or more MAPKAP-K2-dependent processes is unknown. The answer to this question will have to await more definitive information about the biological roles of this intriguing protein.
